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Abstract. A method for determining the boundary condition on artificial
boundaries is presented. This method is formulated as an optimization problem for
appropriate functional representing, for example, the dissipation of energy. We show
that this functional attains its minimum on the set of solutions to the stationary
Stokes (or Navier—Stokes) system with partially unspecified boundary condition.
Thus, this method gives rise to a physically reasonable boundary condition which
ensures the existence of a solution to the corresponding system. In particular, it is
proved that the implicit boundary condition obtained for the Stokes system implies
the modification of the “do-nothing” boundary condition for the symmetric velocity
gradient. To the author’s knowledge, methods and conclusions contained in this
paper are new.

Introduction

We consider a flow of an incompressible fluid through a region with an artificial boundary
(for example the outflow), such as the pipe flow. In order to complete the corresponding system
of equations, one needs to introduce some boundary condition at the outlet, where the flow
may be a priori unknown. The use of the popular “do-nothing” boundary condition has its
downsides. Not only does it seem to have no physical justification, but also the well-posedness
of the Navier-Stokes system with this boundary condition is unknown. See [Heywood et al.,
1996] for details.

In this paper we discuss the possibility of selecting the outflow boundary condition in
such a way that the resulting flow minimizes a given functional representing the dissipation of
energy, for example. This is physically reasonable from the point of view that for stable flows
the dissipation of the energy should decrease over time to a minimum value which corresponds
to a stationary flow. Also, the existence of a solution to the (Navier—)Stokes system with such
a boundary condition is obtained automatically — we only need to show that the selected
functional attains its minimum in the set of admissible solutions. The boundary conditions
obtained in this way are implicit and in general it is not obvious whether these can be reduced
to some convenient form. However, at least for the Stokes system, we show that such a reduction
is possible and leads to some familiar boundary conditions.

Notation

We distinguish between scalar, vectorial and matrix quantities (and corresponding spaces)
using different fonts as follows: a, a and A, respectively. Throughout this paper, the symbol
Q cRY deN,d> 2, stands for an open, bounded, simply connected set with Lipschitz
boundary 9. As usual, the symbols C*(Q), L?(Q2) and H'(Q) represent the space of smooth
functions, the Lebesgue space and the Sobolev space, respectively. The norm of L2(Q) is
denoted by |[-||, and the norm of H'(Q) is defined by el o = (el + HV(,DH%)% Fur-
thermore, let C7°(£2) be the space of smooth functions with compact support in Q and let

0.div (§2) be its subspace consisting of functions with zero divergence. If ) # ' C 0€, then the
space H[-(9) is defined as the closure of the set {¢p € C*(Q): ¢ =0 on I'} in the norm (RIPPY
Moreover, we set H}(2) := H}(Q). Similarly, the space H %‘,div(Q) is the closure of the set
{epeC®Q):p=00nT, dive =0} in the norm [l o and H(l),div(Q) = Héﬂ,div(ﬂ)‘
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We shall everywhere assume that 9€) consists of two parts I', I, of positive measure. On
I", we prescribe the Dirichlet boundary conditions. For example, I' can contain rigid walls or
the inflow, if it is available. On the remaining part I'y, we do not prescribe anything explicitly.
In typical situation, I', is the artificial boundary such as the outflow, the inflow, or both. To
avoid technical difficulties, we shall also assume that I', is a smooth hypersurface in R%. This
way, we can define the space C§°(I',) in a standard way.

Formulation of the optimization problem
The Stokes flow through € is described by the system
divT(v,p) =0 in Q
divv=0 inQ

where v=v9 onl, (1)

T(v,p) == —pl+2vDv, v >0, and Dv:=i(Vov+ (Vv)!)

and ¥ is such that there exists its divergence-free extension vy € H'(Q) (the construction of
vo can be found in [Ladyzhenskaya, 1969, Chapter I, Problem 2.1]). Our goal is to find the
optimal boundary condition on I', in the sense that the resulting flow will dissipate the least
amount of energy.

We shall say that a function v is a weak solution to system (1) if v € vo + Hllﬂ’div(Q) and

/ Dv-Depdr =0 forall € Hj g4, (9). (2)
Q

Then the the set of all weak solutions of (1) will be denoted by S. This will be the domain of
our optimization problem. Note that (2) is equivalent to

/ Vo -Vepde =0 forall e Hjg,(Q). (3)
Q

Note also that the function p does not appear explicitly in the definition of the weak
solution. It is determined (up to an additive constant) by the following simple version of De
Rahm’s lemma, for which we refer to [Temam, 1979, Chapter I, Remark 1.9] and references
there.

Lemma 1. If a continuous linear functional f on HS(Q) satisfies
flp) =0 for every ¢ € Hp g, (),
then there exists p € L*(Q) with ||p|l, <c¢  sup  |f(2p)| satisfying

’IJJHHé(Q):l

f(cp):/pdivcpdw forall @ € HL(Q).
Q

In the view of Lemma 1, we shall also call the couple (v,p) a weak solution of (1) if
v € vo + Ht 4, (Q), p € L*(Q) and

QV/DU-Ddew:/pdivtbdx for all € HL(Q).
Q Q

The set S is non-empty, for it contains, for example, the solutions of the classical Stokes
problem corresponding to some compatible Dirichlet conditions on I'y (see the proof of Theo-
rem 4 for the reference).

Finally, let

Flg) = [IDefde and Gly)= [ [VePde, e, (1)

where F' represents the dissipation of energy (or the entropy production — recall the balance
of entropy for the Newtonian fluids), whereas G will be considered only for the comparison.
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Existence of a solution

For reader’s convenience, we prove here the following modification of Korn’s inequality,
which will be used to estimate F' from below.

Lemma 2. There exists ¢ > 0 such that
Il < clDell, for all o € HR(9Q). (5)
Proof. The usual form of Korn’s inequality reads as

lell 2 < c(Deplly + lleplly)  forall o € H'() (6)

and for some ¢ > 0 (see, for example, [Ciarlet, 2010, Theorem 2.1]). Now suppose that (5) does
not hold. Then there exists a sequence {@,, }nen C HE(), such that [¢nll; 2 =1 and

1#nll1,2 > nlDepyll (7)
for all n € N. Since HE () is reflexive, there is a subsequence (not relabeled) and ¢ satisfying
w, =@ in HLQ), n— oo (8)
This, together with (7) implies
Dyl = [Deplly =0, n = o0, (9)
hence Dy = 0 a.e. in 2. Then the identity

9,051, = 0i(DY) 1, + 0; (DY) s — O (D)

valid for all ¢ € C*°(2) and 1 < 4,5,k < d shows (by approximating ¢ with smooth functions)
that every second and, consequently, also every higher distributional derivative of ¢ is zero.
Therefore, ¢ is of the form ¢p(x) = Wz + b for almost every & € Q and for some skew-
symmetric matrix W and vector b. Then, using the fact that ¢ € H}(2) with |T'| > 0, we get
@ =0 a.e. in Q. Thus, from (9), (8) and compact embedding H(Q) <> L?(Q2), we obtain

[enlli2 < clDeylly + ll@nll) =0 as 1 — oo,
a contradiction. O

Now we can proceed with the main results of this paper concerning the optimization prob-
lem stated above.

Theorem 3. The functionals F' and G attain its minima on S.

Proof. The proof will be done for F. For G the proof is easier — we just replace D by V and
we do not use Lemma 2.
Take some minimizing sequence of F', that is, some {vy}reny C S, such that

lim F(vg) =inf F < 00 (10)
k—o00 S

(recall that & # 0). Let us denote uy := vy — vy € thiv(Q), k € N. Using (4), Holder
inequality, Lemma 2 and the fact that [[De|l, < [[Velly < |||, 5 for all ¢ € H!, we get
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that F' is coercive, i.e.,

F(vk)—/ yka\de_/ \Duk|2dx+2/m>uk~mvodx+/ |Dwg|? da
Q Q Q Q
2
> c1|[Vugllz — c2l[Vug|lyllvoll; 2

for some positive constants c1, ca. Thus, using (10), we deduce that the sequence {wuy}ren,
is bounded in H %Aiv(Q) and, consequently, there exist a subsequence {u}ren (not relabeled)
and u, such that

up = uw in Hpg,(Q). (11)

By Lemma 2, the mapping (f,g) — [,Df - Dgdx defines an inner product in H%div(ﬂ).
Therefore, the property (11) implies, for every ¢ € H (1],div(Q)7 that

0:/ka-]D)1/)da:—>/]D)v-]D)wdw as k — oo,
Q Q

where v := u + vg, and so it follows that v € § . It is also obvious that the functional F' is
lower semi-continuous with respect to the weak topology of HL(f2). From that, we get

F(v) < liminf F(vg) = inf F < F(v)
k—o0 S
and the proof is finished. O
The previous lemma proves the existence of a weak solution to the problem

—div(Dv) = -Vp in
dive =0 in O

v =17 onI'
v minimizes F. (12)
The additional constraint F'(v) = ming F' can be thus seen as an implicitly given outflow

boundary condition. We remark that everything that is stated above for the Stokes system
holds analogically also for the Navier—Stokes system, but we omit the corresponding discussion
to keep this paper as short as possible.

The optimal outflow boundary condition

Now we may ask what the implicit boundary condition F(v) = ming F' actually means for
the flow or, even better, whether this condition can be made explicit. In our setting, this is
indeed possible as is shown by the next theorem.

Theorem 4. If (v,p) is a weak solution to (12), then there is a constant co € R such that
—pn +2v(Dv)n =con  a.e. on Ty,

or, equivalently,
T(v,p+co)n =0 a.e. onT,.

Proof. Suppose that ¢ € H%7diV(Q) satisfies

/ Dy -Dypde =0 forall o € H(l)’div(Q) (13)
Q

10
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(such functions ¢ indeed exist as is discussed below when deriving (17)). Then, using v € S,
we also know that

/ D(v+ep) -Dpde=0 forall o € Hé,div(Q) and for any ¢ € R,
Q

hence v+e¢ € S is an appropriate candidate for testing the optimality condition in (12). Thus,
we get
F(v) < F(v+eg), (14)

or, equivalently, (using (4))
0< 25/ ]Dv-[D)godzc+52/ |Dep|? da (15)
Q Q

for every ¢ € Hll“,div(Q) satisfying (13) and for all € € R. In inequality (15), we consider the
cases € > 0 and ¢ < 0 separately, divide by € and then we let ¢ — 0+. This way we obtain

/ Dv-Dpde=0 forall ¢e thiV(Q) satisfying (13). (16)
Q

Now let w € HL(Q) be such that Joow-ndS = 0 (here in the surface integral, the symbol
w stands for the trace of w). Then, by [Temam, 1979, Chapter I, Theorem 2.4] and by the
equivalence of (2) and (3), there exists an unique solution v,, € H 1117div((2) to the Stokes system

/ Dv,y, -DyYpdxe =0 for every ) € H(1)7div(Q)7
Q
vy —w € Hy(Q). (17)

Thus, we may apply (16) with ¢ = v,,, which together with (17) and the weak formulation of
(12) gives

21//ID)U-]Dwdw:2y/ID)’U-D'dea:+2V/Dv-ID)(w—vw)dx:/pdivwdm,
Q Q Q Q

hence

/ T(v,p) - Dwdx = 0. (18)
Q

Now let us assume that there exists the trace of T(wv,p) (in fact there exists normal component
of the trace of T(v,p) in the sense of distributions, since T(v,p) is an integrable solenoidal
function). Then, it follows from (18), (12) and integration by parts that

Oz/T(v,p)-]D)wdw:/ T(v,p)n - wdS for all we HL(Q) s.t. w-ndS=0. (19)
Q a Fa

Since, at I', there is no restriction on the tangential part of the trace of w € H%(Q), we deduce
from (19) that
(T(v,p)n); =0 a.e. on 'y, (20)

or, equivalently
(Dv)n); =0 a.e. on Iy,

11
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where u, = u — (u - n)n. Furthermore, using (20) in (19), we also get
/ (T(v,p)n-n)(w-n)dS =0 forall wec HL) s.t. w-ndS =0. (21)
a Fa

Using the trace theorem, for every ¢ € C$°(T,) there is w € HE(S2) such that the trace of w
times mn is ¢ (extended by zero to 92). This, together with (21) yields

/ TedS =0 foral ¢eCi(l) st / pdS =0, (22)

a a

where we abbreviated T' := T(v,p)n - n. Let ¢,n € C§°(T's) be such that fFa ndS > 0. Then

the function
= — Jr, vnd$ wndsn
' fl“a ndS

again belongs to C3°(I',) and fFa ¢ dS = 0. Consequently, using the properties of ¢ and (22),

we obtain
ds
/ <T—][ TdS> s — Jr¥nds (T—]Z TdS) nds
a a fI‘andS Ta a

where { denotes the mean value of an integral. Now we are going to use this identity for
a sequence of functions 0 < 7, € C§°(I'y), k € N, satisfying n, T 1 as kK — oo pointwise in T',.
This way, if we apply the dominated convergence theorem, we get

/a <T—][aTdS>wdS— (fazpdS) / (T—][aTds> ds = 0.

Since ¢ € C3°(I'y) was arbitrary, we may infer that 7' = fl“a TdS a.e. on I'y, which means that
there exists a constant ¢y € R such that

T(v,p)n-n=cy ae. onl,. (23)
Obviously, conditions (20) and (23) are together equivalent to
T(v,p+co)n =0 ae. only,
and the proof is finished. O
Our final theorem shows that if we use G instead of F', we obtain essentially the “do-
nothing” boundary condition.

Theorem 5. If (v,p) is a weak solution to (12) with F' replaced by G, then there is a constant
c1 € R such that
—pn+rv(Vo)n=cin  a.e. on Ty.

Proof. We use the equivalence of (2) and (3) in the weak formulation of (12). Then the proof
follows the same line as the proof of Theorem 4: We can just replace all occurrences of D and
T(v,p) by V and —pl 4+ vV, respectively. O
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